ABSTRACT: We study the effects of a series of postdeposition ligand treatments on the photoluminescence (PL) of polycrystalline methylammonium lead triiodide perovskite thin films. We show that a variety of Lewis bases can improve the bulk PL quantum efficiency (PLQE) and extend the average PL lifetime, ⟨τ⟩, with large enhancements concentrated at grain boundaries. Notably, we demonstrate thin-film PLQE as high as 35 ± 1% and ⟨τ⟩ as long as 8.82 ± 0.03 μs at solar equivalent carrier densities using tri-n-octylphosphine oxide-treated films. Using glow discharge optical emission spectroscopy and nuclear magnetic resonance spectroscopy, we show that the ligands are incorporated primarily at the film surface and are acting as electron donors. These results indicate it is possible to obtain thinfilm PL lifetime and PLQE values that are comparable to those from single crystals by control over surface chemistry.
O rganic−inorganic trihalide perovskites are a family of earth-abundant semiconductors with compositiontunable bandgaps that exhibit promising performance in a range of electronic and optoelectronic devices including solar cells, light-emitting diodes, lasers, and ambipolar transistors. 1−3 Recently, high-quality perovskite single crystals have been grown using a variety of techniques and demonstrate exceptional optoelectronic properties that surpass their polycrystalline counterparts. 4−6 In particular, it has been shown that single crystals possess lower defect concentrations, higher mobilities, longer carrier diffusion lengths, and longer carrier lifetimes, 4−6 suggesting that the surface defects that are more prevalent in polycrystalline films limit performance. 7−9 Despite the quality of single crystals, their growth can be timeconsuming and their structural properties make them more difficult to incorporate into many devices, particularly those requiring large areas such as solar cells. Therefore, there is still significant interest in processing perovskites rapidly from solution into polycrystalline thin films for device applications. Many studies have highlighted the "defect tolerance" of perovskites, underlining their apparent resistance to defects that would normally plague semiconductors processed at low temperature. 10, 11 While the performance of hybrid perovskite devices may be surprisingly good for a low-temperature, solution-processed thin-film technology, polycrystalline perovskite films still operate well below their theoretical performance limits, indicating that losses remain. Indeed, we recently used photoluminescence (PL) microscopy to reveal a subset of grain boundaries and "dark" regions in the films that serve as nonradiative centers, highlighting the role of heterogeneity and surface effects.
12, 13 Consistent with these studies, it has been shown that photoluminescence quantum efficiency (PLQE) and lifetime are limited by traps at carrier densities obtained under typical solar illumination, and only at high carrier densities (when the majority of traps are filled) are the highest PLQEs observed.
14−17 These observations help explain why the carrier lifetimes and PLQEs of thin films of perovskites remain below those reported for single crystals 2, 7, 8, 18, 19 and suggest that surface defect chemistry remains an important topic of study. 7, 9, 20, 21 Historically, controlling the surface chemistry in semiconductors such as Si and GaAs has been important in improving material properties for the development of solar cell technologies. 22−24 In II−VI and IV−VI quantum dot systems, a substantial amount of work has focused on ligand passivation to modify surface states to improve PL emission properties as well as solar cell efficiencies. 25−29 In an effort to increase the photoluminescence quantum efficiency and lifetime in perovskites, several groups have utilized Lewis bases and acids to reduce defect densities and improve solar cell device performance. 14,21,30−33 For example, we recently found that pyridine vapor exposure to as-grown films can improve PL brightness while partially homogenizing the heterogeneous local PL emission. 12 Other reports have incorporated Lewis bases and acids into perovskite precursor solutions before film deposition to improve performance. 30−33 However, it has been difficult to assess whether the additives lead to better crystallization and growth of the films 30−32 or if their residual presence in the film ameliorates nonradiative recombination. 31, 32 Recently, Li et al. proposed that alkylphosphonic acid ω-ammonium chlorides can hydrogen bond with iodine atoms at the surface to improve grain cohesivity and device performance while also noting the beneficial role passivation may have in long-term device stability. 32 Chen et al. have controlled the formation of PbI 2 at grain boundaries to reduce recombination at surface states, 34 while Asbury and coworkers showed that small dithiols could remove surface defects. 21 Herein, we study the effect of post-deposition treatments with a variety of Lewis bases on the photoluminescence behavior of methylammonium lead triiodide perovskite thin films. We find that Lewis bases generally enhance the PL properties and can boost PL lifetimes nearly an order of magnitude to values as high as 8.82 ± 0.03 μs, the longest PL lifetime measured to date for thin films. Concomitant with improvements in lifetime, treated films also exhibit PLQE values as high as 35 ± 1% at solar equivalent carrier densities. We use fluorescence imaging to show that these improvements are concentrated at the grain boundaries. Using glow discharge optical emission spectroscopy (GDOES) and nuclear magnetic resonance (NMR) spectroscopy, we confirm that these treatments behave in a fashion consistent with an electrondonating surface layer, rather than structure-directing agents. This work identifies quick and facile post-deposition methods to improve materials processing and the quality of perovskite films. Further optimization of passivation schemes and a better understanding of perovskite surface chemistry could allow solution-processed polycrystalline films to approach the electronic quality of single crystals.
We prepared neat perovskite films on glass by spin-coating a precursor solution containing PbOAc 2 ·3H 2 0 and MAI in N,Ndimethylformamide (DMF) following the work of Zhang et al. (see the Supporting Information for full details). 35 We then exposed these films to a variety of thiols, amines, phosphines, and phosphine oxides and studied their impact on PL properties. We treated the films with low concentration (0.005−0.087 M) solutions of different ligands dissolved in chlorobenzene (CB) by spin-coating the ligand solutions onto the perovskite thin films (see the Supporting Information). To improve reproducibility, as well as exclude the effects that small amounts of water and oxygen can impart on the PL, we prepared, treated, and measured all samples in dry nitrogen (see the Supporting Information).
36−38
Figure 1a shows typical bulk time-resolved PL decay traces measured at low pump fluence (470 nm, 30 nJ/cm 2 per pulse, corresponding to an excitation density of ∼10 15 cm
) of several samples before and after single chemical treatments with tri-n-octylphosphine oxide (TOPO), 1-octadecanethiol (ODT), and triphenylphosphine (PPh 3 ) measured in nitrogen. These compounds are all expected to behave as monodentate ligands because they possess only one coordinating atom. We also investigated some bidentate ligands as well as various other coordinating atoms, all of which showed general improvements in the PL (see Figure S1 for all treatments explored). Before ligand treatment, the PL lifetimes are typically of the order of a hundred nanoseconds, consistent with high-quality CH 3 NH 3 PbI 3 films reported by a number of authors. 21, 39, 40 Figure 1 shows that all of the screened treatments extend both the PL lifetime and the integrated PL intensity (Figure 1b ) of the perovskite films, suggesting that the treatments are removing nonradiative decay pathways. To determine if this observation extends to different perovskite preparation routes, we performed these same treatments on films prepared using PbCl 2 and PbI 2 as Pb sources and observed similar improvements ( Figure S2 ). We note that control films exposed to only neat CB solution do not show improvements in PL ( Figure S3 ) and also that treated films washed with CB or 2-propanol can, depending on the washing procedure, result in a reinitialization of the PL intensity ( Figure S4 ). This data suggests that the ligands are relatively labile and can be removed by rinsing with a suitable solvent.
Next, we examine the interaction between the potential ligands and the perovskite thin films. First, we used glow discharge optical emission spectroscopy (GDOES) to probe the chemical composition as a function of depth for samples treated with the thiol, ODT. This technique has been employed to detect small dopant concentrations (ppm) in thin films of aSi:H and other semiconductors, making it capable of probing the small concentrations of molecules introduced onto the 
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Letter perovskite surface. 41, 42 Figure 2a ,b shows the sulfur (S) and lead (Pb) intensities as a function of sputtering time (film depth) for a sample treated with 0.087 M ODT (see the Supporting Information for sample preparation). We observe a peak in the sulfur signal at the surface (i.e., onset of the Pb signal) of the ODT-treated film, which is not present in an untreated control film ( Figure S5 ), indicating that ODT is primarily present at the film surface, not the bulk. We note that small concentrations of ODT may have penetrated further into the film (i.e., grain boundaries) but may be below the detection limit (ppm) of the technique. 41, 42 We also confirmed that the treatments do not measurably change the optical density of the film or lead to measurable microscopic restructuring of the film morphology as evidenced by scanning electron microscopy (SEM) and X-ray diffraction (XRD) (Figures S6 and S7) . The fact that the treatment is applied after film growth, that the ODT is confined to the surface, and that we see no other quantifiable changes in the film structure strongly suggests that the Lewis base is acting as a surface ligand rather than affecting the bulk structure.
To further verify whether the Lewis bases could be interacting with the perovskite surfaces as classic electrondonating ligands, we performed 31 P solid-state NMR spectroscopy on PPh 3 -treated samples (see the Supporting Information for sample preparation). NMR spectroscopy gives insight into the local bonding environment of spin-active nuclei and has been widely employed to understand the surface chemistry of quantum dots. 26, 43 Figure 2c shows that the phosphorus peak of a PPh 3 -treated perovskite sample is shifted downfield when compared to the free ligand control. This downfield shift is consistent with the expected reduction in electron density surrounding the phosphorus nucleus (i.e., deshielding) upon interaction with the perovskite, which we take as confirmation that PPh 3 is indeed acting as an electron-donating molecule (Lewis base) and surface ligand. 43, 44 Our results from solidstate NMR in conjunction with GDOES build a strong case that surface defects exist and can be passivated with postdeposition ligand treatments. Underscoring this result, we note that the ligands improve the PL while being confined nearly exclusively to the film surface as would be expected from their steric bulk and as experimentally confirmed by GDOES. Furthermore, the NMR data show that the compounds are acting as electron-donating ligands.
Having screened a range of different Lewis base treatments with our perovskite thin films, we next consider the PL enhancements that can be achieved with an optimized treatment. Figure 3a shows the champion time-resolved PL decay trace of a control film treated with 0.025 M TOPO dissolved in chlorobenzene and measured at a low fluence (470 nm, 50 nJ/cm 2 per pulse). The fits to the data are stretched exponential curves with a characteristic lifetime, τ c = 0.92 ± 0.01 μs, and stretching exponent, β = 0.90, for the control and τ c = 7.60 ± 0.04 μs and β = 0.77 for the TOPO-treated film. Error ranges for the PL lifetimes are estimated from the uncertainties in the fit parameters based on photon counting statistics, where the errors in the reported β values are negligible. This stretched exponential behavior at relatively low excitation power is consistent with literature reports 12,45,46 and indicative of a distribution of local monomolecular recombination rates resulting from heterogeneity in the local nonradiative decay rates.
12,13,20,47−50 We computed the average lifetime, ⟨τ⟩, of the stretched exponential distribution according to eq 1:
where Γ(1/β) is defined as the gamma function in eq 2:
We obtained ⟨τ⟩ = 0.97 ± 0.01 μs for the control film, which improved to ⟨τ⟩ = 8.82 ± 0.03 μs when treated with TOPO, 
Letter where error values are the propagated uncertainty in the input fit parameters. Figure 3b plots the PLQE of these same films measured in an integrating sphere as a function of excitation power. The data show that the PLQE increases roughly an order of magnitude for films treated with TOPO compared to control films across all excitation powers. Importantly, we find at excitation powers which generate carrier densities comparable to 1 sun illumination 52 that the PLQE can be enhanced from ∼3% for the control film to values as high as 35 ± 1% for the TOPO-treated film. The increase in PLQE as a function of excitation power has been attributed to increasing radiative bimolecular recombination as a result of trap filling. 15, 16, 52 Following previous reports, 16, 52 we modeled the PLQE data using a combination of nonradiative and radiative monomolecular, bimolecular, and Auger recombination terms (see the Supporting Information and Figure S8 ). We report small variations in the radiative monomolecular, k r = 3. , for the TOPO-treated film compared to k nr = 6.6 × 10 6 s
for the control film. This corresponds to a ∼7-fold reduction in the nonradiative decay rate for the TOPO-treated film, consistent with a comparable reduction in nonradiative recombination centers and nearly an order of magnitude increase in PLQE for the TOPO-treated film. We note that these rate constant values are consistent with our fitting of the TRPL data at low carrier densities (∼10 15 cm −3 ) to a superposition of monomolecular relaxation functions as we 
Letter find, within this regime, that bimolecular recombination contributes to only ∼5% of the total recombination rate in comparison to ∼95% from monomolecular recombination.
To better elucidate the mechanism by which nonradiative recombination is reduced, we also performed steady-state PL spectroscopy. Figure 3c shows the PL spectra before and after TOPO treatment. We consistently observe a small red-shift for TOPO-treated films in comparison to the control films. Previously, our group has reported an improvement in PL and concomitant blue-shift in the optical features for pyridinetreated films, 12 which suggests treatments may modulate the electronic structure near the band-edge. Interestingly, it has been reported that large grain size polycrystalline films have a red-shifted PL peak compared to small grain polycrystalline films and also that single-crystal bulk emission is red-shifted compared to the surface emission. 9, 17, 55, 56 These differences in the measured optical properties have been attributed to compositional changes at the grain boundaries, lattice strain, variations in crystallinity, and photon recycling.
9,17,55−57 Here we report no observable changes in XRD spectra or in average grain size (Figures S6) and minimal shift in the PL spectrum over long time scales (Figure S9 ), suggesting that the PL emission in our samples may be dominated, in part, by the surface composition.
Previously, we showed that pyridine homogenizes the PL of perovskite thin films.
12 Figure 4 shows a fluorescence intensity image of a control film before (Figure 4a ) and after ( Figure 4b ) treatment with TOPO plotted on the same PL intensity scale. Overall we find that TOPO treatment has a similar effect as pyridine, generally enhancing PL in all regions of film, with grain boundaries still being generally dimmer than grain centers. This ensemble improvement is also evident from the enhancement in the average bulk lifetime (Figure 4c) , where the control film initially exhibited ⟨τ⟩ = 0.73 ± 0.01 μs which increased to ⟨τ⟩ = 2.40 ± 0.09 μs after TOPO treatment. The measured bulk improvement can be further partitioned into local improvements. Figure 4d shows an image with the ratio of the PL intensity image for the TOPO-treated film to the control film. We find that the relative differential improvement at the grain boundaries (average enhancement factor of ∼1.8×) is larger than for the grain centers (∼1.6×), suggesting that the TOPO is preferentially active at passivating grain boundary surface states ( Figure S10 ). More generally, we find that the largest improvements in PL are achieved for regions with initially lower PL, which we have previously correlated to regions of higher defect densities ( Figure S10) . 12, 13 The preferential brightening of grain boundaries could result from the three-dimensional topography of grain boundaries, which may have higher defect densities than some of the flatter surfaces of the grain interiors or potentially the selective targeting of facet-dependent defect states. 58 Together these results are again broadly consistent with the picture that these treatments are reducing nonradiative recombination associated with surface states.
Reducing nonradiative recombination so that perovskite thin films can approach 100% photoluminescence quantum efficiency remains an important technological goal. 11, 52, 59, 60 In the case where all nonradiative surface states were effectively passivated, we would expect the carrier lifetimes and PLQEs in polycrystalline films to approach that of single crystals. 2, 7, 18 To date, there has been a wide range of reported single-crystal carrier lifetimes spanning from tens of nanoseconds to hundreds of microseconds, depending on the measurement technique. [4] [5] [6] 8, 56 Polycrystalline films, on the other hand, do not typically exhibit microsecond carrier lifetimes but rather possess lifetimes ranging from tens of nanoseconds to a few hundred nanoseconds. 39, 45, 52 To the best of our knowledge, Noel et al. previously reported the longest measured PL lifetime for polycrystalline films to date, with values reaching ∼2 μs upon surface treatment with pyridine and thiophene when measured at low fluence.
14 In addition to the long carrier lifetimes measured in this work, we also report PLQEs exceeding 30%. For polycrystalline thin films, PLQEs are typically ∼10% or lower under excitation powers comparable to 1 sun illumination, 12,40,52,61,62 and only in single-crystal nanowires and nanocrystals are PLQEs in excess of 50% reached. 2, 18, 19 Our findings here suggest that the surface chemistry of polycrystalline films can be controlled to approach the carrier lifetimes and PLQEs more typical of single crystals.
After studying a library of Lewis bases, we have found that optimized treatments have reduced nonradiative recombination in CH 3 NH 3 PbI 3 perovskite films, extended PL lifetimes to values as high as 8.82 ± 0.03 μs, and improved PLQE values to 35 ± 1% at solar equivalent carrier densities. To further support the idea that these treatments are specifically targeting surface defects, we used glow discharge optical emission spectroscopy to show ligands are confined predominately at the film surface where steric effects likely prevent penetration further into the bulk of the film. With 31 P solid-state nuclear magnetic resonance, we showed that the molecules are behaving as classic surface ligands and Lewis bases. These results highlight the detrimental effect of perovskite surface states on optoelectronic performance, and here we show a facile and rapid post-deposition method that can alter the surface composition, yielding polycrystalline films with improved optoelectronic quality. With further development and characterization of ligand passivation schemes as well as a deeper understanding of their impact on the perovskite electronic structure, it is likely that thin-film perovskites will be able to approach their maximum theoretical performance in a wide range of polycrystalline perovskite optoelectronic devices. 
